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,Q WKH ELRPHGLFDO ILHOG WKH$GGLWLYH0DQXIDFWXULQJ $0 WHFKQRORJLHV DUH LQFUHDVLQJO\EHLQJ DGRSWHG IRU WKH SURGXFWLRQ RI QHDUQHWVKDSH
SURGXFWVPDGHLQWLWDQLXPDOOR\VKRZHYHUILQLVKLQJPDFKLQLQJRSHUDWLRQVFDQEHQHFHVVDU\WRREWDLQWKHUHTXLUHGJHRPHWULFDOWROHUDQFHVDQG
VXUIDFH FKDUDFWHULVWLFV 7KLV SDSHU DLPV DW LQYHVWLJDWLQJ WKH HIIHFWV RI WKH ZRUNSLHFH SURSHUWLHV RQ WKH WRRO FUDWHU ZHDU EHKDYLRU LQ VHPL
ILQLVKLQJ WXUQLQJ RI 7L$O9 SURGXFHG E\ (OHFWURQ %HDP0HOWLQJ (%0 DQG'LUHFW0HWDO /DVHU 6LQWHULQJ '0/6$0 WHFKQRORJLHV LQ
FRPSDULVRQZLWKWKHRQHRIWKHZURXJKWFRPPHUFLDODOOR\/LTXLGQLWURJHQZDVXVHGDVDFRRODQWWRUHGXFHWKHFUDWHUZHDUDQGLWVSHUIRUPDQFHV










WKHLU ZLGH UDQJH RI DSSOLFDWLRQ LQ WKH ELRPHGLFDO FKHPLFDO
DQGDHURVSDFHILHOGV7KHH[FHOOHQWFRUURVLRQUHVLVWDQFHKLJK
VWUHQJWK WR ZHLJKW UDWLR DQG WKH ZHOOGRFXPHQWHG
ELRFRPSDWLELOLW\ KDYH SURPRWHG WKHLU XVH IRU WKH
PDQXIDFWXULQJRIVXUJLFDOLPSODQWVVXFKDVNQHHMRLQWVERQH
SODWHVDQGDFHWDEXODUFXSV>@)RUWKHSURGXFWLRQRIQHDUQHW
VKDSH FRPSRQHQWV RI FRPSOH[ VKDSH LQ VPDOO EDWFKHV
$GGLWLYH 0DQXIDFWXULQJ $0 WHFKQRORJLHV VXFK DV 'LUHFW
0HWDO /DVHU 6LQWHULQJ '0/6 DQG (OHFWURQ %HDP0HOWLQJ
(%0FDQEHHIIHFWLYHO\XVHG7KHPDLQGLIIHUHQFHEHWZHHQ
SURGXFWV UHDOL]HG E\ GLIIHUHQW $0 WHFKQRORJLHV OLHV LQ WKH
REWDLQDEOHPLFURVWUXFWXUHDVPDOOYDULDWLRQLQWKHSHUFHQWDJH
RIWKHSKDVHVRULQWKHJUDLQVL]HPD\GHWHUPLQHDVLJQLILFDQW
YDULDWLRQ LQ WKH DOOR\ PHFKDQLFDO DQG WKHUPDO SURSHUWLHV
'HVSLWHRQHRIWKHPDLQDGYDQWDJHVRIWKH$0WHFKQRORJLHVLV
WKH UHGXFWLRQ RI WKH PDQXIDFWXULQJ VWHSV LQ PDQ\ FDVHV
ILQLVKLQJPDFKLQLQJRSHUDWLRQVFDQEHQHFHVVDU\WRREWDLQWKH
UHTXLUHG VSHFLILF VXUIDFH SURSHUWLHV DQG JHRPHWULFDO
WROHUDQFHV7KH ORZPDFKLQDELOLW\RI WKH WLWDQLXPDOOR\VGXH
WRWKHLUKLJKWKHUPDOUHDFWLYLW\ORZWKHUPDOFRQGXFWLYLW\DQG
KLJK KDUGQHVV LV XVXDOO\ RYHUFRPH E\ XVLQJ FRQYHQWLRQDO
FXWWLQJ IOXLGV FRPSRVHG E\ SROOXWDQW PLQHUDO RLO VROXWLRQV
:KHUHDV LQ WKH ELRPHGLFDO ILHOG WKH PDFKLQHG SURGXFW
VKRXOGEHDVFOHDQDVSRVVLEOHLQRUGHUWRUHGXFHWKHH[SHQVLYH
DQG WLPHFRQVXPLQJ FOHDQLQJ VWHSV 7KH VROXWLRQ FXUUHQWO\
DGRSWHGLVEDVHGRQWKHFRPSURPLVHWRZRUNZLWKRXWFRRODQWV
WKXV PLQLPL]LQJ WKH VXUIDFH SROOXWLRQ EXW DFFHSWLQJ D ODUJH
UHGXFWLRQRIWKHWRROOLIH7KHXVHRIDOWHUQDWLYHFRRODQWVVXFK
DV WKH/LTXLG1LWURJHQ /1 LVSURSRVHG LQ OLWHUDWXUH >@
EHLQJ SURYHG WR UHGXFH WKH WHPSHUDWXUH LQ WKH FXWWLQJ ]RQH
DQGWKXVGHWHUPLQLQJDUHGXFWLRQRIWKHDGKHVLYHDQGGLIIXVLYH
ZHDU SKHQRPHQD 7KH ODWWHU DUH UHVSRQVLEOH RI WKH FUDWHU
IRUPDWLRQ RQ WKH WRRO UDNH IDFH ZKLOH WKH DEUDVLYH ZHDU
LQIOXHQFH GHSHQGV RQ WKH PHFKDQLFDO SURSHUWLHV RI WKH
PDFKLQHG PDWHULDOV 7KH DLP RI WKH SUHVHQW VWXG\ LV WR
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LQYHVWLJDWH WKH LQIOXHQFH RI GLIIHUHQW PLFURVWUXFWXUHV RI WKH
7L$O9 WLWDQLXP DOOR\ SURGXFHG E\ GLIIHUHQW $0
WHFKQRORJLHV RQ WKH FUDWHU WRRO ZHDU UHVXOWLQJ E\ WKH XVH RI
GLIIHUHQW OXEULFDQW VWUDWHJLHV LQ VHPLILQLVKLQJ WXUQLQJ 7KH




7KH REMHFW RI LQYHVWLJDWLRQ LV WKH 7L$O9 WLWDQLXP DOOR\
SURGXFHGE\(OHFWURQ%HDP0HOWLQJ(%0DQG'LUHFW0HWDO
/DVHU6LQWHULQJ'0/6DGGLWLYHPDQXIDFWXULQJWHFKQRORJLHV
ZKHUHDV WKH FRPPHUFLDO ZURXJKW 7L$O9 ZDV XVHG DV
UHIHUHQFH )LJ  VKRZV WKH GLIIHUHQW PLFURVWUXFWXUHV RI WKH
DQDO\VHG PDWHULDOV 7KH (%0 7L$O9 LQ WKH DVEXLOW
FRQGLWLRQSUHVHQWVDILQHDFLFXODUPLFURVWUXFWXUHFRQVWLWXWHGRI
Į SKDVH ILQH ODPHOODH ZLWK  RI ȕ SKDVH DW WKH JUDLQ
ERXQGDULHV)LJD>@7KH'0/6SURFHVVLQVWHDGSURGXFHV
D PDUWHQVLWLF PLFURVWUXFWXUH FRPSRVHG RQO\ E\ DFLFXODU Į

SKDVHZLWK ODWWLFH SDUDPHWHUV YHU\ VLPLODU WR WKH KFSSDWWHUQ
)LJE 7KLVPHWDVWDEOH VWUXFWXUH SUHVHQWV KLJKPHFKDQLFDO
SURSHUWLHVEXWORZGXFWLOLW\DQGWKHUHIRUHLWLVQRWVXLWDEOHIRU
WKH SURGXFWLRQ RI ELRPHGLFDO LPSODQWV FRQVHTXHQWO\ D KHDW
WUHDWPHQW LV QHFHVVDU\ WR WUDQVIRUP LW LQWR D Įȕ ODPHOODU
VWUXFWXUH)LJF7KHQHZĮDQGȕJUDLQVQXFOHDWHDQGJURZ
DORQJ WKH PDUWHQVLWLF JUDLQ ERXQGDULHV PDLQWDLQLQJ WKH




WKH KHDW WUHDWPHQW >@  )LQDOO\ WKH ZURXJKW 7L$O9 ZDV




)LJ  7L$O9 PLFURVWUXFWXUHV D (%0 E '0/6 F KHDW WUHDWHG
'0/6GZURXJKW
7KH (%0PDWHULDO ZDV SURGXFHG E\PHDQV RI DQ $UFDP





EDUV ZLWK D GLDPHWHU RI  PP ,Q DOO WKH $0 VDPSOHV QR
PLFURVWUXFWXUDOGHIHFWDVFDYLWLHVRUFUDFNVZHUHGHWHFWHG
7XUQLQJH[SHULPHQWV
6HPLILQLVKLQJ WXUQLQJ WHVWV ZHUH FRQGXFWHG RQ D 0RUL
6HLNL1/&1&ODWKHE\DGRSWLQJ LQVHUWVVXSSOLHGE\





OLWHUDWXUH ILQGLQJV WKH FXWWLQJ ]RQH ZDV FRROHG XVLQJ WZR
QR]]OHV GLUHFWHG RQWR WKH LQVHUW UDNH DQG IODQN IDFHV 7KH
OLTXLGQLWURJHQZDVGHOLYHUHGWRWKHGLVWULEXWLRQV\VWHPDWWKH
SUHVVXUHRIEDUGLUHFWO\'HZDUWKURXJKDKLJKYDFXXP






ZHDU 7KH PHFKDQLFDO SURSHUWLHV RI WKH PDWHULDO WR EH
PDFKLQHG VXFK DV KDUGQHVV DQG \LHOG VWUHVV LQIOXHQFH WKH
DEUDVLYHZHDUZKLOH WKH WKHUPDOSURSHUWLHVPDLQO\ LQIOXHQFH
WKH GLIIXVLYH ZHDU ,Q ERWK FDVHV WKH UHVXOWLQJ FXWWLQJ
WHPSHUDWXUH UHSUHVHQWV WKHPRVW LPSRUWDQWSURFHVVSDUDPHWHU
DVLWLQIOXHQFHVWKHZRUNSLHFHPDWHULDOSURSHUWLHV7RURXJKO\
HVWLPDWHWKHFXWWLQJWHPSHUDWXUHDQRUWKRJRQDOFXWWLQJWHVWRQ
WKH KHDW WUHDWHG '0/6 DOOR\ ZDV FDUULHG RXW DGRSWLQJ D
FXWWLQJVSHHGRIPPLQDQGIHHG UDWHRIPPUHY7KH
WKHUPDOILHOGDFTXLUHGE\PHDQVRIDQLQIUDUHGFDPHUDVKRZHG
DQ DYHUDJH WHPSHUDWXUH LQ WKH FXWWLQJ ]RQH DURXQG &
7KHUHIRUHLQRUGHUWRDQDO\VHWKHFUDWHUZHDUDQGFRUUHODWHLW
WRWKHGLIIHUHQWPDWHULDOPLFURVWUXFWXUHVERWKWKHPHFKDQLFDO
DQG WKHUPDO SURSHUWLHV RI WKH GLIIHUHQW PLFURVWUXFWXUHV ZHUH
















(%0    
'0/6    
+HDWWUHDWHG
'0/6    
:URXJKW    
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7KH'0/6 DOOR\ SUHVHQWV WKH KLJKHVW YDOXHV RI WKH XOWLPDWH
WHQVLOH DQG \LHOG VWUHQJWKV DQG WKH ORZHVW YDOXH RI WKH
HORQJDWLRQ WKHVH FKDUDFWHULVWLFV DUH GXH WR WKH PDUWHQVLWLF
PLFURVWUXFWXUHDQGWKHSUHVHQFHRIUHVLGXDOVWUHVVHVFDXVHGE\
WKHVWUXFWXUHUDSLGFRROLQJGXULQJWKH'0/6SURFHVV>@7KH
KLJK WHPSHUDWXUHV JHQHUDWHG GXULQJ WKH FXWWLQJ SURFHVVPD\
FDXVHDWKHUPDOVRIWHQLQJRIWKHPDWHULDOVLQFHWKH\LHOGVWUHVV
DQG KDUGQHVV YDOXHV GHFUHDVHZLWK WKH WHPSHUDWXUH LQFUHDVH
$V LQ WKLV ZRUN WKH KDUGQHVV LV FRQVLGHUHG WKH PDLQ
PHFKDQLFDO SURSHUW\ UHVSRQVLEOH IRU WKH FUDWHU IRUPDWLRQ RQ
WKH WRRO UDNH LWV HYROXWLRQ DW LQFUHDVLQJ WHPSHUDWXUH IRU WKH
7L$O9 GLIIHUHQW PLFURVWUXFWXUHV LV VKRZQ LQ )LJ  7KH
PHDVXUHPHQWV ZHUH FDUULHG RXW XVLQJ DQ ,QVWURQ :LOVRQ





7KH ZURXJKW (%0 DQG KHDW WUHDWHG '0/6 DOOR\V SUHVHQW
YHU\VLPLODUKDUGQHVVYDOXHVUHJDUGOHVVWKHWHPSHUDWXUHZLWK
D KDUGQHVV UHGXFWLRQ DW WKH PD[LPXP WHVWHG WHPSHUDWXUH RI
DERXWFRPSDUHG WR WKH URRP WHPSHUDWXUHYDOXH2Q WKH
FRQWUDU\ WKH '0/6 PDWHULDO DOZD\V VKRZV WKH KLJKHVW
KDUGQHVVYDOXHVZLWKDUHGXFWLRQRIDW&
7KHUPDOSURSHUWLHV
7KH PRVW VLJQLILFDQW IDFWRUV WKDW FKDUDFWHUL]H WKH GLIIXVLYH
ZHDU DUH WKH WHPSHUDWXUH DQG GHJUHH RI FKHPLFDO DIILQLW\
EHWZHHQ WKH FKLS DQG WKH WRRO 7KH WHPSHUDWXUH HIIHFW KDV
EHHQ GHVFULEHG LQ WHUPV RI VROLG VWDWH GLIIXVLRQ PHFKDQLVP
DFURVV WKH FKLSWRRO LQWHUIDFH DQG EHFRPHV LPSRUWDQW ZKHQ
WKHUHODWLYHVROXELOLW\RIWKHWZRVOLGLQJPDWHULDOVLVUHOHYDQW
7KH YDOXH RI WHPSHUDWXUH DOVR GHSHQGV RQ WKH WKHUPDO
FRQGXFWLYLW\RI WKHZRUNSLHFHPDWHULDOZKRVHYDOXHPD\EH
DIIHFWHG E\ D PLFURVWUXFWXUDO YDULDWLRQ 7KHUHIRUH
H[SHULPHQWDO WHVWV IRU WKH GHWHUPLQDWLRQ RI WKH WKHUPDO
FRQGXFWLYLW\ ZHUH FDUULHG RXW RQ 7L$O9 VDPSOHV RI
GLIIHUHQW PLFURVWUXFWXUHV E\ PHDQV RI WKH WUDQVLHQW SODQH
VRXUFH WHFKQLTXH 736 XVLQJ +RW 'LVN HTXLSPHQW 7ZR
GLIIHUHQW W\SHV RI VHQVRUV ZHUH XVHG WKH ILUVW FRYHUHG ZLWK
.DSWRQ DQG UDGLXV RI PP IRU WKH ORZHU WHPSHUDWXUHV
WKHVHFRQGFRDWHGZLWK0LFDDQGUDGLXVRIPPIRUWKH
KLJKHU RQHV )LJ  VKRZV WKH HYROXWLRQ RI WKH WKHUPDO
FRQGXFWLYLW\IRUWKHGLIIHUHQWPLFURVWUXFWXUHVDVDIXQFWLRQRI
WKH WHPSHUDWXUH7KH'0/6DQG(%0DOOR\VVKRZWKHPRVW




WKHUPDO FRQGXFWLYLW\ YDOXHV ZLWK D UHGXFWLRQ RI  DW
&FRPSDUHGWRWKHRQHRIWKH(%0DOOR\










)LJ  WKH6(0DQGSURILOHU LPDJHV RI WKH WRRO UDNH VXUIDFH











UDNH IDFHV DIWHU PDFKLQLQJ WKH (%0 WKH '0/6 WKH KHDW
WUHDWHG '0/6 DQG WKH ZURXJKW DOOR\V UHVSHFWLYHO\
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

)LJ 7RRO UDNH IDFH SURILOHV XQGHU D GU\ FRQGLWLRQ DQG E FU\RJHQLF
FRROLQJ
,Q GU\ FRQGLWLRQV WKH FUDWHU ZHDU LV DOZD\V SUHVHQW DQG WKH
PD[LPXP GHSWK UHVXOWV WR EH ʅP IRU WKH'0/6 DOOR\
ZKHUHDV WKHFU\RJHQLFFRROLQJVLJQLILFDQWO\ UHGXFHV LW IRUDOO
WKH DQDO\VHG VDPSOHV )LJ E 7KH SHUFHQWDJH UHGXFWLRQ LQ
WKH FUDWHU ZHDU GHSWK ZKHQ DSSO\LQJ WKH /LTXLG 1LWURJHQ
RYHUWDNHVIRU WKH'0/6PDWHULDO UHDFKLQJ WKHYDOXHRI
IRU WKHKHDW WUHDWHG'0/6DQGZURXJKWFDVHVZKHUHDV











,Q WKLV ZRUN WKH KDUGQHVV DQG WKHUPDO FRQGXFWLYLW\ DUH
FRQVLGHUHG DV WKH PDWHULDO SURSHUWLHV PDLQO\ UHVSRQVLEOH RI
WKH FUDWHU ZHDU ,Q GU\ FRQGLWLRQV WKH 7L$O9 ORZ WKHUPDO
FRQGXFWLYLW\ GHWHUPLQHV D KLJKHU VXUIDFH WHPSHUDWXUH DQG
FRQVHTXHQWO\PRUHGLIIXVLYHH[FKDQJHRIWKHFKHPLFDOVSHFLHV
&R 7L DQG 9 EHWZHHQ WKH DGKHUHG PDWHULDO RQ WKH WRRO
VXUIDFH DQG WKH WRRO UDNH IDFH7KLVSKHQRPHQRQGHWHUPLQHV
DQ HPEULWWOHPHQW RI WKH WRRO DQG WKH VXEVHTXHQW FUHDWLRQ RI
WKH FUDWHU DV D UHVXOW RI WKH KDUGHQHG FKLS VOLGLQJ ,Q GU\
WXUQLQJWKHGHHSHVWFUDWHUZDVIRXQGIRUWKHWRROWKDWZRUNHG
WKH '0/6 VDPSOH DQG LW LV WKH GLUHFW FRQVHTXHQFH RI LWV
ORZHVW WKHUPDO FRQGXFWLYLW\ DQG KLJKHVW KDUGQHVV DW KLJK
WHPSHUDWXUH VHH )LJ  DQG )LJ  6LQFH WKH RWKHU DOOR\V
SUHVHQW VLPLODU KDUGQHVV YDOXHV WKH FRUUHVSRQGLQJ FUDWHU
GHSWK GLIIHUHQFHV PD\ EH DWWULEXWHG WR WKHLU WKHUPDO
SURSHUWLHVLQIDFWWKHKHDWWUHDWHG'0/6DQGZURXJKWDOOR\V












,Q RUGHU WR GHILQH KRZ WKH SURSHUWLHV RI WKH PDWHULDO WR EH
PDFKLQHG DIIHFWV WKH WRROZHDU LQ GU\ DQG FU\RJHQLF FXWWLQJ
VHYHUDO DQDO\VHV ZHUH FRQGXFWHG RQ WKH 7L$O9 DOOR\
SURGXFHGE\GLIIHUHQW$0DQGFRQYHQWLRQDO WHFKQRORJLHV ,Q
WKLV ZRUN WKH KDUGQHVV DQG WKH WKHUPDO FRQGXFWLYLW\ DUH
FRQVLGHUHGWREHWKHPDWHULDOSURSHUWLHVPDLQO\UHVSRQVLEOHRI
WKH IRUPDWLRQ RI WKH FUDWHU ZHDU %DVHG RQ WKH REWDLQHG
UHVXOWVWKHIROORZLQJFRQFOXVLRQVPD\EHGUDZQ
x 7KHPDLQGLIIHUHQFHVDUH IRXQGEHWZHHQ WKH'0/6
DQG (%0 DOOR\V 7KH '0/6 SUHVHQWV WKH KLJKHVW
YDOXH RI KDUGQHVV DQG WKH ORZHVW WKHUPDO
FRQGXFWLYLW\DWWKHHVWLPDWHGFXWWLQJWHPSHUDWXUH
x ,Q GU\ FRQGLWLRQV WKH GHHSHVW FUDWHU LV IRXQG ZKHQ
PDFKLQLQJ WKH '0/6 DOOR\ WKLV GXH WR ERWK LWV
PHFKDQLFDO DQG WKHUPDO SURSHUWLHVZKHUHDV IRU WKH
(%0 KHDW WUHDWHG '0/6 DQG ZURXJKW DOOR\V WKH
GLIIHUHQFHV DUH H[FOXVLYHO\ FDXVHG E\ WKH WKHUPDO
FRQGXFWLYLW\VLQFHWKHLUKDUGQHVVLVYHU\VLPLODU
x ,QFU\RJHQLFFRQGLWLRQV WKHFUDWHU LVSUHVHQWRQO\ LQ
WKH '0/6 PDWHULDO 7KH ORZ WHPSHUDWXUH LQKLELWV
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